###### Strengths and limitations of this study

-   EIPS is the first prospective randomized control trial comparing the routes (enteral versus intravenous) for potassium replacement in the post cardiac-surgery pediatric patients in the PCICU.

-   Previously, a retrospective review has shown comparable efficacy between the two routes.

-   Research from this trial will lead the way for further research in this field, possibly bringing about a change in the management of hypokalemia in post-op patients and subsequently lower complications and morbidity associated with intravenous potassium replacement.

-   EIPS is not a blinded study which may lead to a procedure bias. Blinding could not be carried out in this trial owing to different routes of administration of the same supplementation (enteral versus intravenous) and different time interval for checking serum levels in each arm (1 h after intravenous replacement and 2 h after enteral replacement).

-   Confounding factors, such as concomitant use of diuretics and inotropic agents during the episode, have been identified and will be adjusted in the analysis.

Introduction {#s1}
============

Hypokalaemia is frequently encountered in the daily clinical practices of a paediatric cardiac intensive care unit (PCICU). Activation of the rennin--angiotensin--aldosterone system, the presence of an enhanced sympathetic tone and the use of potassium-wasting diuretics for a positive fluid balance increases the occurrence and consequences of severe hypokalaemia.[@R1] Hypokalaemia is a strong independent predictor of mortality in patients with heart failure.[@R2] Thus, potassium replacement therapy is the cornerstone therapy for hypokalaemia. It is desirable to avoid hypokalaemia by the proactive style and aggressive replacement of potassium. There is mounting evidence that the serum potassium level should be maintained between 4.5 and5.5 mEq/L in acute cardiac injury settings.[@R5] [@R6]

Although intravenous potassium replacement (IVPR) in hypokalaemia is the preferred route in most intensive care settings, it is associated with known safety risks. If inappropriately administered, IVPR can lead to arrhythmias, cardiac arrest and death.[@R2] [@R7] [@R8] Given these risks, IVPR is considered a 'high-alert medication' by the Institute of Safe Medication practice.[@R9] [@R10] Other issues with IVPR are the need for a central line that can lead to central line-related infection due to frequent access of the line during IVPR. Additionally, a larger volume of fluid is required during IVPR for delivery of the desired dose of potassium. This may not be preferred in postsurgical cardiac patients in whom a negative fluid balance is being achieved. Given all the aforementioned issues with IVPR, enteral potassium replacement (EPR), with its superior safety profile, may be a better alternative to IVPR. A retrospective review showed that the efficacy of EPR was comparable to that of IVPR in paediatric patients after congenital heart disease.[@R8]

We seek to explore this comparison between EPR and IVPR in a randomised prospective trial.

Hypothesis {#s1a}
----------

Null hypothesis: There is no difference in the efficacy of IVPR and EPR during an episode of hypokalaemia.

Alternate Hypothesis: There is a mean difference of 15% in the change in serum potassium levels between the two groups, that is, IVPR and EPR during an episode of hypokalaemia.

Outcomes {#s1b}
--------

Primary outcome: To compare the efficacy EPR and IVPR for treatment of hypokalaemia (measured as a change in serum potassium levels in mEq/L after potassium replacement).

### Secondary outcomes {#s1b1}

1.  Comparison of adverse effects after EPR and IVPR. Adverse effects that will be monitored are hyperkalaemia, diarrhoea, gastrointestinal (GI) bleeds, nausea and vomiting.

2.  Comparison of the number of dose/s required to achieve resolution of hypokalaemia (as described per protocol) for each episode of hypokalaemia.

3.  Efficacy EPR and IVPR for various degrees of severity of hypokalaemia, that is, mild, moderate or severe hypokalaemia. Efficacy for this analysis will be determined by the number of doses required for potassium supplementation to resolve an episode of hypokalaemia.

4.  Efficacy of treatment based on the age of the patient. Efficacy for this analysis will be determined by the number of doses required for potassium supplementation to resolve an episode of hypokalaemia.

Trial design {#s1c}
------------

The EIPS trial is designed as a randomised, controlled, non-blinded trial with two arms. The randomisation will be carried out as a block randomisation. Intervention arms will be block randomised on alternate weeks for IVPR and EPR ([figure 1](#BMJOPEN2014005124F1){ref-type="fig"}). Recruited patients will receive treatment as per the week of randomisation, that is, IVPR week versus EPR week.

![Block randomisation scheme for IVPR and EPR.](bmjopen2014005124f01){#BMJOPEN2014005124F1}

*Arm A (IVPR):* Receiving intravenous potassium replacement to treat hypokalaemia.

*Arm B (EPR):* Receiving enteral potassium replacement to treat hypokalaemia

Methods {#s2}
=======

Definitions used for the study {#s2a}
------------------------------

*Normokalemia:* Serum potassium level of 4.5---5.5 mEq/L is considered normal in patients with cardiovascular disease

*Hyperkalaemia:* Serum potassium \>5.5 mEq/L.

Hypokalaemia: Hypokalaemia is defined as serum potassium \<4.4 mEq/L Symptomatic or asymptomatic: based on the presence of abnormal cardiac rhythm.Severity: Mild, moderate or severe : based on the serum level of potassium. Mild: 3.5--4.4 mEq/LModerate: 2.5--3.4 mEq/LSevere: 2.1--2.4 mEq/L

*Event and episode of hypokalaemia:* Serum potassium \<4.4 mEq/L will be considered as hypokalaemia. This will mark the beginning of an EPISODE of hypokalaemia. Each potassium replacement will be considered an EVENT of hypokalaemia irrespective of whether hypokalaemia was completely resolved or not (ie, irrespective of whether the EPISODE of hypokalaemia as defined above ends or not). The EPISODE of hypokalaemia will end when the potassium level comes back to the normal range.

*Efficacy of treatment:* is defined as the change in potassium level (in mEq/L) after each IVPR or EPR, till specified otherwise.

Study setting {#s2b}
-------------

The study will be conducted at the PCICU at the Aga Khan University Hospital, Karachi. The PCICU has ∼150--160 postoperative admissions per year. Approximately 80% of the patients are under 5 years of age. The predominant (∼70%) cardiac lesions are tetralogy of Fallot and ventricular septal defects. The mean length of PCICU stay is ∼2--3 days. Clinically we anticipate ∼2--3 episodes, with 3--4 events in each episode of hypokalaemia in each patient during their PCICU stay.

Eligibility criteria {#s2c}
--------------------

The following inclusion/exclusion criteria will be used for selection:

Inclusion criteria {#s2d}
------------------

-   All patients undergoing surgical repair/palliation of congenital heart lesion at the Aga Khan University Hospital and admitted to the PCICU for postoperative management.

-   Serum potassium levels (\<4.4 meq/L) immediately postoperatively.

-   Patients/parents willing to participate in this study.

-   Have a central venous line for IVPR and an arterial line for monitoring and blood draws.

-   Able to tolerate oral or nasogastric administration of medication for EPR.

-   Age 1 month to 25 years.

Exclusion criteria {#s2e}
------------------

-   Patients with acute renal failure (estimated clearance creatinine---ecCr \<50).

-   Patients with paralytic ileus, necrotising enterocolitis or GI bleeding.

-   Patients with nausea, vomiting or diarrhoea prior to randomisation. Patients will not be excluded if these symptoms develop during the trial after initial recruitment. On the basis of the clinical decision, the route of potassium supplementation may be changed. Intention-to-treat analysis will be used for the primary end point.

-   Patient with symptomatic hypokalaemia (manifested as a rhythm disturbance).

-   Initial serum K level (post surgery) \<2.0 mEq.

Consent procedure {#s2f}
-----------------

Informed consent will be taken by the principal investigator from each patient (or the parent in case of age \<13 years) before going for cardiac surgery. The original signed consent form will be retained by the principal investigator, with a copy in the clinical notes and another provided to the participant.

Site-specific informed consent forms and assent forms (Urdu and English versions) have been approved by the Ethical Review Committee (ERC).

Study recruitment {#s2g}
-----------------

Eligible patients will be recruited in the trial after being received in the PCICU postoperatively by the principal investigator. In case the child develops hypokalaemia, that is, serum potassium \<4.4, the child will be followed till he/she reaches optimal potassium levels. This will be considered as a single episode. As long as the patient is in the PCICU, potassium monitoring will be continued as per the PCICU protocol and the patient will be recruited for the study in case he develops further episodes of hypokalaemia. Recruited patients will be enrolled in the intervention arms by the principal investigator and receive treatment accordingly. These patients will be part of the trial till their stay in the PCICU. The route of potassium replacement will be based on the week of therapy (block randomisation).

The recruited patients will be assigned a red or yellow protocol laminated sheet depending on the block (red for intravenous and yellow for enteral). In cases where the patient stays in the PCICU beyond the week and the block changes, the patient will keep following the route they were originally assigned to. EPR patients who develop side effects (eg, vomiting GI upset) with a subsequent need for parenteral potassium supplementation or who develop critically low levels of potassium\<2 mEq (exclusion criteria) on enteral supplementation will be allowed to cross over and receive IVPR subsequently. An intention-to-treat analysis will be performed to account for cross-over patients.

Study procedure and monitoring {#s2h}
------------------------------

All postoperative patients in the PCICU are closely monitored using pulse oximetry, continuous electrocardiography, invasive or non-invasive blood pressures. Potassium supplementation as part of this trial will only be carried out in the PCICU under the aforementioned monitoring. As per the PCICU protocol, a 1 mL blood sample from an already placed art-line or central venous line is sent for analysis of serum potassium concentration in all the immediate postoperative patients. Potassium concentration will be assayed by means of auto analysers. The central lab will not be utilised to check the potassium level as the turnaround time for the lab values is ∼3--4 h in our institution. The point of care values are routinely used to treat hypokalaemia. Central lab values will be obtained on a daily basis or when a critically low or high value is seen on the auto analyser testing. Replacement of potassium based on the randomised group will be made either enterally (nasogastric tube or orally) or intravenously. A nasogastric feeding tube is regularly placed in our mechanically ventilated and sedated paediatric patients. These tubes were used to administer oral potassium supplementation in these patients. In the IVPR group, potassium will be given through a central line. As per a previously established protocol and bioavailability data, repeat serum potassium will be sent 1 h after replacement in the IVPR group and 2 h after replacement in the EPR group. Replacement and serum level monitoring will be performed till the episode of hypokalaemia is resolved. Further patient serum electrolyte monitoring will be determined by the patient\'s clinical status. No additional blood sample or monitoring will be performed as part of this trial and all such tests will be determined and dictated by the patient\'s clinical status, management plan and PCICU protocols.

An informal data safety monitoring board (DSMB) will be in place in the PCICU. The PCICU nurse manager and PCICU attending, not part of the trial, will be a part of this board. The PCICU nurse manager will be responsible for looking after the data collection and adverse effects during the trial period. The nurse manager will then report any adverse events to the clinical and the research team and the in-charge of the PCICU.

Training {#s2i}
--------

Prior to the beginning of data collection, the nursing staff of the PCICU will be given a briefing session about the research. This session will include an overview of the research objectives and a review of the PCICU protocol to be followed. The nursing staff will be explained the block randomisation process for the research and reinforced about stringent monitoring of side effects.

All these trainings would be conducted prior to the study start-up and there will be a pre-recruitment trial period to make sure that the protocol practices are in place and the data collection runs smoothly.

Study drugs, drug management {#s2j}
----------------------------

We will use the following protocol established in our unit for potassium replacement:

Study drug management (procurement, randomisation, dispensing, log maintenance, drug accountability, drug returns) will be carried out by the institutional clinical trial unity/main pharmacy in accordance with the protocol.

### Parental potassium chloride {#s2j1}

'Potassium chloride 25 Meq/25 mL' available in ampoule form. It comes under 'High Alert Medication'.

#### Dosage {#s2j1a}

The dose of IVPR depends on the serum potassium level (see [table 1](#BMJOPEN2014005124TB1){ref-type="table"}). The usual paediatric maximum dose of potassium is 3 Meq/kg/day or 40 Meq/m^2^/day (for intravenous intermittent infusion in case of severe potassium depletion) and the patient should have continuous ECG monitoring.

###### 

Potassium replacement protocol

  Serum potassium level (mEq)   Potassium replacement (intravenous and enteral)
  ----------------------------- -------------------------------------------------
  4.0--4.4                      0.1 mEq/kg/dose
  3.5--3.9                      0.3 mEq/kg/dose
  3.0--3.4                      0.5 mEq/kg/dose
  2.5--2.9                      0.7 mEq/kg/dose
  2.1--2.4                      1 mEq/kg/dose and call physician

#### Route {#s2j1b}

It can be administered either from the peripheral line or from the central line along with plenty of intravenous fluids.

#### Dilution {#s2j1c}

Potassium chloride must be diluted prior to parenteral administration; for dilution, the maximum recommended concentrations are as follows: For peripheral line: 8 Meq/100 mL or 80 Meq/LFor central line: 15 Meq/100 mL or 150 Meq/L, for fluid restricted patient: 20 Meq/100 mL or 200 Meq/L

0.9% sodium chloride, 5% dextrose water, 10% dextrose water, ½ strength saline, 1/5 saline, 1/3 saline are compatible diluents for potassium chloride.

#### Infusion rate {#s2j1d}

For peripheral line: (maximum infusion rate) In case of mild to moderate hypokalaemia, IVPR must be infused at the rate of 10 Meq/h.In case of severe hypokalaemia, IVPR must be infused at the rate of 40 Meq/h

For central line: (maximum infusion rate) 15 Meq in 1--2 h and in fluid restricted patient 20 Meq in 1--2 h.

#### Storage and stability {#s2j1e}

Store at room temperature after dilution (either diluted at patient\'s bed site or in sterile area). It can remain stable for 24 h at room temperature. Use only clear solution.

### Oral potassium chloride {#s2j2}

It is available in syrup form with a concentration of 13.33 Meq/5 mL. It can be administered with plenty of fluids and/or food to reduce the stomach discomfort and irritation. It can be mixed with orange juice to mask its unpleasant taste.

#### Dosage {#s2j2a}

Maximum dose in 24 h: 240 mEq, divided into 2--3 doses. Maximum per dose: 60 mEq (see [table 1](#BMJOPEN2014005124TB1){ref-type="table"}).

#### Stability {#s2j2b}

Store at room temperature.

#### Side effects {#s2j2c}

Diarrhoea, nausea, vomiting, stomach pain, flatulence, bradycardia, arrhythmia, chest pain, mental confusion, local tissue necrosis with extravasation, pain at the site of injection, dyspnoea, phlebitis.

#### Contraindication {#s2j2d}

Severe renal impairment, untreated Addison\'s disease, hyperkalaemia, severe tissue trauma.

#### Drug interaction {#s2j2e}

It can increase the effects of ACE inhibitors, potassium sparing diuretics and salt substitutes when given concomitantly with potassium chloride.[@R11]

Adverse events {#s2k}
--------------

Adverse effects of potassium supplementation that will be monitored are hyperkalaemia (defined as potassium levels \>5 mEq/L, arrhythmias (defined as any rhythm other than sinus during or within 2 h of potassium replacement), diarrhoea (described as \>2 loose stools or a single watery stool during or within 2 h of potassium replacement, GI bleeds, nausea and vomiting (during or within 2 h of potassium replacement).

The adverse events will be monitored on an hourly basis by the PCICU nursing staff as per the PCICU protocol. These adverse events will be documented on the PCICU nursing sheet (as per routine) and the data gathered every morning by the principal investigator or one of the coinvestigators. The on-call physician will be contacted, as per routine, by the nursing staff to determine any change in the mode/dose of potassium replacement if adverse events occur. The on-call physicians will in turn contact either the principal investigator or one of the coinvestigators to further discuss the plan.

Adverse events such as diarrhoea, GI bleeds, nausea and vomiting will be reported to the institution\'s ERC within 7 days of their coming to the PI\'s knowledge.

Sample size calculation {#s2l}
-----------------------

Using a power of 90%, p value of \<0.05% (95% for one-sided CI and 90% for two-sided CI) a total of 310 events of hypokalaemia are required to reject the null hypothesis.

Statistical analysis {#s2m}
--------------------

The primary outcome of the study is to compare the efficacy EPR and IVPR for treatment of hypokalaemia. The end points that will be used to judge this are as follow: Percentage change in serum potassium levels in mEq/L after each event of potassium replacement by both the methods, calculated as:

Post supplementation levels---presupplementation levels/presupplementation levels. Number of potassium supplementations needed to treat the episode of hypokalaemia in each arm (EPR and IVPR)The time needed to treat an episode of hypokalaemia completely in each arm (EPR and IVPR)

The secondary outcomes of this study are to assess the number of adverse events in each arm (EPR and IVPR).

Data will be entered in SPSS and analysis will be performed for each hypokalaemic event and episode. For each episode, an intention-to-treat analysis will be performed. As the sample size is \>30, using the center limit theorem, parametric tests will be used. Student t test will be used for analysis of continuous variables, while χ^2^ will be used for categorical variables.

Diuretic dosing is a component of the data collection and dosage of diuretics in mg/kg/h will be calculated for each episode. The process of block randomisation should help in an equal distribution between the two groups. At the analysis level, a multivariate linear regression will be performed to account for confounding variables like diuretic or inotropic use.

Patient demographic variables will be analszed only once on a patient-to-patient basis. For potassium level analysis, cumulative data from events and episodes of hypokalaemia will be analysed.

Participants who deviate from the intervention protocols would be excluded from the final analysis.

An interim analysis of the data will be carried out midway during the study, that is, after 155 events. The purpose of this interim analysis will be to assure protocol compliance, accurate completion of record forms and to monitor the adverse effects.

Timeline {#s2n}
--------

After ERC approval, recruitment will be carried out and data collected. The expected time for completing this study will be ∼6 months and a manuscript will be prepared within 6 months of completion of the study.

While in the PCICU in the postoperative period, the potassium will be monitored as per the ICU protocol. In case the child develops hypokalaemia, that is, serum potassium \<4.5, the child will be included as a part of the study and will be followed till he reaches optimal potassium levels. There is no long-term follow-up once the patient is discharged from the PCICU.

Data collection, storage and record keeping {#s2o}
-------------------------------------------

The data abstraction form will be used to abstract patient data for the study.

Data will be collected by a single principal investigator throughout the duration of the study to prevent any reporter\'s bias.

The data will be kept safe under lock at all times and will be simultaneously added to a password protected SPSS file. The other investigators will also be crosschecking the data.

Discontinuation rules {#s2p}
---------------------

Regardless of the study, during the past 3 years (2010--2012), mortality in the PCICU remains 0--3 patients/month out of the 10--30 patients admitted each month. The average of the percentages of monthly mortality in the past three years (2010:7.8%; 2011:5.2%; 2012:8.2%) is 7.1%. If the mortality during the study interval exceeds this threshold, it will not be attributed to chance and further investigation of the research methodology will be warranted.
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